A plant growth-promoting bacterium, Kluyvera ascorbata SUD165, that contained high levels of heavy metals was isolated from soil collected near Sudbury, Ontario, Canada. The bacterium was resistant to the toxic effects of Ni 2؉ , Pb 2؉ , Zn 2؉ , and CrO 4 ؊ , produced a siderophore(s), and displayed 1-aminocyclopropane-1-carboxylic acid deaminase activity. Canola seeds inoculated with this bacterium and then grown under gnotobiotic conditions in the presence of high concentrations of nickel chloride were partially protected against nickel toxicity. In addition, protection by the bacterium against nickel toxicity was evident in pot experiments with canola and tomato seeds. The presence of K. ascorbata SUD165 had no measurable influence on the amount of nickel accumulated per milligram (dry weight) of either roots or shoots of canola plants. Therefore, the bacterial plant growth-promoting effect in the presence of nickel was probably not attributable to the reduction of nickel uptake by seedlings. Rather, it may reflect the ability of the bacterium to lower the level of stress ethylene induced by the nickel.
Pollution of the biosphere by toxic metals has accelerated dramatically since the beginning of the industrial revolution. The primary sources of this pollution include the burning of fossils fuels, mining and smelting of metalliferous ores, municipal wastes, fertilizers, pesticides, and sewage. Toxic-metal contamination of groundwater and soil, which poses a major environmental and human health problem, is currently in need of an effective and affordable technological solution. Moreover, unlike organic pollutants, metals cannot be degraded to harmless products, such as carbon dioxide, but instead persist indefinitely in the environment, complicating their remediation.
Living plants have the ability to accumulate heavy metals from soil and water, in particular heavy metals which are essential for their growth and development (3, 36) . Certain plants also have the ability to accumulate heavy metals which have no known biological function (8) . However, excessive accumulation of these metals can be toxic to most plants. Heavy metals ions, when present at an elevated level in the environment, are adsorbed by roots and translocated to different plant parts, leading to impaired metabolism and reduced growth (5, 16) .
Phytoremediation, i.e., the use of green plants to remove, contain, or render harmless environmental contaminants, is considered to be an attractive alternative to the approaches that are currently in use for dealing with heavy metal contamination (6, 10, 11, 13, 41) . Phytoremediation of metals might take one of several forms: phytoextraction, rhizofiltration, or phytostabilization. Phytoextraction refers to processes in which plants are used to concentrate metals from the soil into the roots and shoots of the plant; rhizofiltration is the use of plant roots to remove metals from effluents; and phytostabilization is the use of plants to reduce the mobility of heavy metals (and thereby reduce the spread of these metals in the environment). Recently, metal-tolerant plants have been used to vegetate and control soil erosion on metal mine tailings and waste piles, i.e., phytostabilization (13, 40) . Moreover, there are a number of reports of using metal accumulating plants to remove toxic metals from soil, i.e., phytoextraction-also called phytodecontamination (2, 10, 11, 13, 32) .
In the environment, the roots of plants interact with a large number of different microorganisms, and these interactions, together with the soil conditions, are major determinants of the extent to which plants grow and proliferate (20, 34) . We previously reported that many plant growth-promoting bacteria, i.e., free-living soil bacteria that are involved in a beneficial association with plants, contain the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase (19, 20, 30) . It was hypothesized that this enzyme, which has no known function in bacteria, might be part of a hitherto undescribed mechanism used by certain bacteria to stimulate plant growth (21) . This could occur by ACC deaminase modulating the level of ethylene in developing plants (18, 22, 23) .
It is well documented that plants respond to a variety of different environmental stresses by synthesizing "stress" ethylene (1, 28) . In fact, a significant portion of the damage to plants from environmental stress-such as infection with fungal phytopathogens-may occur as a direct result of the response of the plant to the increased level of stress ethylene (46) . In the presence of fungal pathogens, not only does exogenous ethylene increase the severity of a fungal infection but also inhibitors of ethylene synthesis can significantly decrease the severity of infection. Since the enzyme ACC deaminase, when present in plant growth-promoting bacteria, can act to modulate the level of ethylene in a plant, we sought in the work reported here to test whether such bacteria might lower the stress placed on plants by the presence of heavy metals and therefore ameliorate some of the apparent toxicity of heavy metals to plants.
MATERIALS AND METHODS

Media.
The basic mineral medium used for isolation and growth of nickelresistant bacteria was the Tris-buffered low-phosphate (TLP) medium described by Mergeay et al. (35) 0.03) (7) and 0.2% sodium gluconate. For solid medium, Bacto Agar (Difco) was added at 2% (wt/vol). Stock solutions of nickel chloride (1 and 0.1 M) were autoclaved and added to the medium as required. Cell counts were determined by using nutrient broth agar (Difco). Utilization of carbon sources was investigated by supplementing M9 minimal medium (37) with various organic compounds (0.2%, wt/vol). For testing resistance to antibiotics and metals, stock solutions were filter sterilized and then added to sterile TLP medium.
Selection of nickel-resistant bacteria. Soil samples were taken from metalcontaminated wetlands near Sudbury, Ontario, Canada, an area which had been exposed to heavy metal contamination from mines wastes following the discovery of a massive nickel-copper ore body (17) . The soil sample from which the selected nickel-resistant plant growth-promoting bacterium was isolated contained a range of different metals including high levels of both nickel and copper (Table 1) . From the data presented in this table, the nickel concentration in this soil is estimated to be approximately 4 mM.
A 20-ml volume of TLP medium was added to 2 g of soil, and the suspension was incubated at 25°C for 2 h in a rotary shaker (400 rpm). The suspension was then allowed to stand for about 1 h before 0.3 ml of supernatant was spread over solid TLP medium containing 0.2% (wt/vol) gluconate, trace elements, and 1 mM NiCl 2 . The plates were incubated for 2 days at 30°C. Nickel-resistant colonies were purified on the same medium and then tested for the ability to grow on TLP medium with ACC as the only source of nitrogen.
Siderophore assay. Following growth on King's medium B without phosphate (38) , siderophores secreted to the growth medium were detected and quantified by the "universal" method of Schwyn and Neilands (43) . The siderophore desferal mesylate (Sigma) was used to produce a standard curve for 0.5 to 25 mM siderophore. The incubation period for the standard was 24 h at room temperature.
Root and shoot elongation assay. Canola (Brassica campestris cv. Tobin) seeds were kindly provided by G. Brown (Agrium, Inc., Saskatoon, Sask., Canada). Seeds were surface sterilized by soaking for 10 min in 1.5% sodium hypochlorite and then thoroughly rinsed with sterile distilled water. The sterilized seeds were incubated for 1 h at room temperature either in sterile distilled water as a blank control or in a bacterial suspension in distilled water adjusted to an absorbance of 0.025 (ϳ3.0 ϫ 10 7 CFU ⅐ ml Ϫ1 ) or 0.5 (ϳ7.4 ϫ 10 8 CFU ⅐ ml
Ϫ1
) at 600 nm. Six canola seeds were placed in each seed-pack growth pouch (125 by 157 mm; Mega International) that had been filled with 10 ml of distilled water or 10 ml of 1 or 2 mM NiCl 2 and autoclaved for 30 min at 121°C before the addition of the cells. Ten replicate pouches were used for each treatment. The pouches were incubated upright in a plastic tray partially filed with an amount of water sufficient to cover the bottom. The tray was covered with transparent Saran Wrap. The pouches were incubated at 25°C for 4 days in a growth chamber with a 12-h photoperiod and a light intensity of 12.9 mol/m 2 /s. The growth-promoting effect of the bacterium was determined at a light intensity of 0.92 mol/m 2 /s. At the end of 4 to 5 days of incubation, the pouches were opened and the seedling root and shoot length were measured. The results of these experiments are presented as the tolerance index, TI (49) , where TI ϭ RL m /RL c , where RL m is the root length of plants grown in the presence of a specific added metal and RL c is the root length of plants grown in the absence of that metal. The TI may also be expressed as the ratio of the shoot lengths of plants grown in the presence and absence of a specific added metal.
Pot experiments. Plants were sown in plastic pots (top diameter, 77 mm; bottom diameter, 55 mm; height, 66 mm) filled with approximately 100 g of air-dried Pro-Mix 'BX' general-purpose growth medium (General Horticulture, Inc., Red Hill, Pa.). Pro-Mix 'BX' is a peat-based growth medium designed for cultivation of horticultural greenhouse plants; it contains 75 to 85% sphagnum peat moss, perlite, vermiculite, macronutrients (calcium, magnesium, nitrogen, phosphorus, potassium, and sulfur), micronutrients (boron, copper, iron, magnesium, molybdenum, and zinc), calcitic limestone, and a wetting agent. The plants were grown in a growth chamber at 25°C (canola) or at 20°C (tomato [Lycopersican esculentum Mill. cv Heinz 1439VF 402A; Stokes Seeds Ltd., St. Catherines, Ontario, Canada]) under a 12-h light/dark photoperiod with a light intensity of 12.9 mol/m 2 /s. The pots were irrigated with either 250 ml distilled water or a solution of nickel chloride and incubated for 4 days (canola) or 10 days (tomato). The moisture content of the soil was maintained by placing each pot in a polyethylene bag. A total of 30 seeds were sown per pot, and 60 seeds were used per treatment.
For seed inoculation, bacteria were grown in TLP with 0.2% gluconate, 0.01% Casamino Acids, trace elements, and 0.1 mM NiCl 2 at 25°C until late log phase. The cells were then pelleted by centrifugation at 25,000 ϫ g for 10 min and washed twice with sterile distilled water. Bacterial suspensions in distilled water were adjusted to an absorbance at 600 nm of either 0.5 or 0.025 and then used for seed inoculation.
ACC deaminase determination. The ACC deaminase activity of cell extracts was determined by estimating ␣-ketobutyrate production (in nanomoles per milligram of protein per hour) by the procedure of Honma and Shimomura (27) .
NiCl 2 uptake. The seeds were sown in small pouches (60 by 40 mm) in the presence of 1 ml of 1 mM NiCl 2 and 5 mCi of 63 NiCl 2 (Amersham) per ml. After a 4-day incubation at 25°C, shoots and roots were harvested separately and washed extensively, first in several changes of 0.01 M EDTA and then in distilled water to remove any nonspecifically bound radioactivity, dried overnight at 105°C, and weighed. The amount of 63 Ni 2ϩ accumulated by a plant root or shoot was determined with a liquid scintillation counter (Beckman LS1701). Each experimental point included three pouches with six seeds in each pouch.
Ethylene measurement. The production of ethylene by canola seedlings was measured with a GOW-MAC model 69-750 gas chromatograph. Eight seeds were sown in each growth pouch (65 by 55 mm) containing 1 ml of 2 mM nickel chloride. Some seeds were pretreated with a bacterial suspension with an absorbance of 0.5 at 600 nm. After incubation for 4 days in a growth chamber at 25°C under a 12-h light/dark photoperiod with a light intensity of 12.9 mol/m 2 /s, the growth pouches were placed in sealed 250-ml bottles for 18 h before samples were taken for gas chromatographic analysis.
Statistical analysis. Pouch and pot experiments were set up in a randomized block design. Data were analyzed by means of analysis of variance (ANOVA), and treatment means were compared by Duncan's multiple-range test.
RESULTS
Selection of a nickel-resistant bacterial strain. Nickel is an essential micronutrient for many microorganisms (25) . However, at millimolar concentrations, nickel inhibits the growth of most wild-type bacteria and is tolerated by only a minority of microorganisms (42) . Nevertheless, we have isolated nickelresistant bacteria from highly polluted nickel-and coppercontaining soil (Table 1) by using a spread plate procedure with pH-neutral TLP medium. This medium is designed to avoid the precipitation of heavy metal salts at 1 mM. In total, there were approximately 4 ϫ 10 3 nickel-resistant bacteria per g (dry weight) of soil, or about 1% of the total bacterial population culturable on TLP medium.
To isolate plant growth-promoting bacteria, all of the nickelresistant isolates were tested for the ability to grow on minimal medium with ACC as the sole source of nitrogen (19) . Approximately 7% of the nickel-tolerant strains also had the ACC ϩ phenotype. Finally, nickel-resistant bacterial strains that were also able to grow on ACC were tested for the ability to produce siderophores. Based on the idea that bacterial siderophores might facilitate the uptake of nickel by plants, the best siderophoreproducing strain (designated SUD165) was selected for subsequent study. , 50 g of streptomycin per ml, 20 g of tetracycline per ml, 50 g of kanamycin per ml, and 25 g of chloroamphenicol per ml.
Effect of nickel on K. ascorbata SUD165 growth. An overnight culture of K. ascorbata SUD165 grown in TLP medium without nickel was used to inoculate TLP medium containing different concentrations (0.1 to 1.0 mM) of nickel chloride. After 18 h of growth at 25°C in a rotary shaker (200 rpm), the absorbance at 600 nm of the cell suspensions was measured. At all of the concentrations of Ni 2ϩ tested, cell growth was inhibited to some extent (Fig. 1) . When added to a nongrowing bacterial suspension in distilled water, the metal did not decrease the number of CFU in the suspension after 5 days of incubation at 25°C (data not shown).
Plant growth-promoting activity of K. ascorbata SUD165. Since K. ascorbata was selected on the basis of its ability to utilize ACC as the sole source of nitrogen, it was reasonable to expect that it might contain ACC deaminase activity and, moreover, that it would be able to stimulate the growth of plant roots by hydrolyzing ACC from germinating seeds, thereby lowering the level of ACC and hence the level of ethylene in seeds. In fact, a cell extract of K. ascorbata SUD165 cells displayed a low level of ACC deaminase activity (26 nmol/mg/h, compared with 300 nmol/mg/h for the well-characterized plant growthpromoting bacterium Pseudomonas putida GR12-2) (44). Moreover, K. ascorbata SUD165 stimulated canola root elongation (Table 2 ) under conditions in which the light level was low, a condition often required to observe a significant root elongation effect (33) . Furthermore, as expected, K. ascorbata SUD165 cells had the ability to bind to canola seed coats as visualized by scanning electron microscopy (data not shown).
Effect of nickel on canola and tomato seedlings. A series of experiments to study the sensitivity of canola to Ni 2ϩ cations in growth pouches was undertaken (Fig. 2) . These experiments revealed that canola seeds developed normally even in the presence of up to 0.1 mM nickel chloride. Above this concentration, plant root and shoot elongation was inhibited.
In pot experiments, i.e., in the presence of soil (Fig. 3) , a higher concentration of Ni 2ϩ was required to noticeably inhibit canola root and shoot length than in growth pouch experiments. The apparent lower level of toxicity of Ni 2ϩ in soil most probably represents the binding of Ni 2ϩ to soil particles, thereby making the cation unavailable to the developing seedlings. Tomato plants grown in pots were somewhat more sensitive to Ni 2ϩ than were canola plants grown in pots (Fig. 4) . With both tomatoes and canola grown in pots, the roots appeared more sensitive to the inhibitory effects of Ni 2ϩ than did the shoots. With canola seedlings in growth pouches, the roots and shoots were equally sensitive to growth inhibition by Ni 2ϩ . Effect of K. ascorbata SUD165 on the toxicity of nickel to canola and tomato seedlings. The effect of adding K. ascorbata SUD165 to canola or tomato seeds before germinating the seeds, either in a growth pouch (canola only) or in pots (canola and tomato), in the presence of inhibitory concentrations of Ni 2ϩ was examined ( Table 3 was not inhibitory, while a TI of 0.1 indicates that the growth of treated plants was only 10% of the growth of the control. Examination of the data in Table 3 shows that at all concentrations of nickel tested (1 to 6 mM Ni 2ϩ ), using both a lowlevel and a high-level bacterial cell treatment (cell suspension absorbance of 0.025 or 0.50, respectively), with both canola and tomato plants, with both roots and shoots, and in both gnotobiotic growth pouches and pots, the addition of K. ascorbata SUD165 significantly decreased the toxicity of the added nickel. The effect was highly reproducible in spite of variation in the root and shoot lengths. Moreover, the protective effect of K. ascorbata SUD165 increased as the density of the cell suspension increased.
63 Ni 2؉ accumulation by canola seedlings. Since plants growing in metal-enriched environments take up nickel to different degrees in response to external and internal factors (40) , it is important to assess whether the addition of K. ascorbata SUD165 affects the uptake of nickel by canola seedlings. In five independent experiments in which the total radioactivity incorporated into 10 to 15 roots or shoots was measured, the presence of K. ascorbata SUD165 did not change the amount of nickel taken up per milligram (dry weight) of either roots (1,430 Ϯ 83.7 and 1,370 Ϯ 380 pmol/mg in the absence and presence of K. ascorbata SUD165, respectively) or shoots (178 Ϯ 42.3 and 174 Ϯ 64.5 pmol/mg, respectively); results are mean Ϯ standard error of the mean (SEM). By this measure, although K. ascorbata SUD165 decreased the toxicity of Ni 2ϩ to canola, it had no influence on amount of Ni 2ϩ accumulated by the plant. Ethylene production by plants grown in the presence of nickel. When a suspension of K. ascorbata SUD165 cells was used to treat canola seeds which were subsequently grown in gnotobiotic growth pouches in the presence of 2 mM Ni 2ϩ , the amount of ethylene that was evolved over 18 h decreased from 590 Ϯ 182 nmol/mg (dry weight) in the absence of the bacterium to 275 Ϯ 90 nmol/mg in the presence of the bacterium. The variation notwithstanding, ethylene levels were always higher in the absence of the bacterium each of the four times that this measurement was performed.
DISCUSSION
While the possibility of removing heavy metals from the environment by phytoextraction (10-13, 32, 41) is becoming increasingly attractive, heavy metals can be toxic, even for metal-accumulating and metal-tolerant plants, if the concentration of metals in the environment is too high. One way to lessen the deleterious effects of heavy metals taken up from the environment on some plants might involve the use of plant growth-promoting bacteria or mycorrhizal fungi. In fact, it has been shown that the presence of ectomycorrhizal or vesicular-arbuscular fungi on the roots of plants decreased the uptake of metals by the plants and thereby increased plant biomass (8, 9, 14, 26, 31, 45) . Similarly, chromium-resistant pseudomonads, isolated from paint industry effluents, were able to stimulate seed germination and growth of Triticum aestivus in the presence of potassium bichromate (24) . In this case, the bacterial enhancement of seedling growth was associated with reduced chromium uptake.
In the present study, the newly isolated bacterium K. ascorbata SUD165 was highly effective at protecting plants from growth inhibition caused by the presence of high concentrations of nickel. However, on a dry-weight basis, the plant grown in the presence and absence of the bacterium took up approximately the same amount of nickel, so that it is unlikely that the bacterium is somehow limiting nickel uptake by the plant.
The most likely explanation of the data is that the bacterium protects the plant against the inhibitory effects of nickel-induced stress ethylene formation. In this regard, (i) heavy metals can induce ethylene production by plants (48) , (ii) an excess of ethylene can inhibit plant development (29) , and (iii) the direct promotion of plant root growth by a number of different soil bacteria is based on the ability of bacterial ACC deaminase to hydrolyze and decrease the amount of ACC, an ethylene precursor, in plants and, as a result, to decrease ethylene biosynthesis by plants (18, 21, 23) . Moreover, with canola seedlings grown in the presence of high levels of nickel, it was observed that the addition of K. ascorbata SUD165 caused a significant decrease in ethylene production.
In the model that was previously proposed for the stimulation of plant growth by soil bacteria that contain the enzyme ACC deaminase, some of the plant ACC is exuded from roots or seeds and then taken up by the bacterium and cleaved by ACC deaminase to ammonia and ␣-ketobutyrate (21) . To maintain the gradient between internal and external ACC levels, the plant must exude increasing amounts of ACC. The lowering of ACC levels within the plant results in a reduction in the amount of plant ethylene and a decreased extent of ethylene inhibition of plant seedling root elongation. This model may also be invoked to explain how plant growth-promoting bacteria lower the concentration of stress ethylene in plants. Evidence for this model includes the fact that the ability of a bacterium to promote root elongation is positively correlated with both the ACC deaminase activity of the bacterium and the ACC content (measured by high-pressure liquid chromatography) of the plant tissues. Mutants of plant growthpromoting bacteria that are devoid of ACC deaminase activity and therefore do not hydrolyze ACC are unable to promote the elongation of canola roots. In several different biological assays, the chemical ethylene synthesis inhibitor L-␣-(aminoethoxyvinyl)glycine mimics the effect of the ACC deaminasecontaining bacterium. Every bacterium that has so far been isolated on the basis of the ability to utilize ACC as a nitrogen source (and therefore to possess ACC deaminase activity) is capable of lowering plant ethylene levels and promoting root elongation.
Another possible explanation of the phenomenon described above is related to siderophore production by K. ascorbata SUD165. Thus, at least part of the toxic effects of some heavy metals, including nickel, in plants results from an induced iron deficiency, and there is evidence that increasing the supply of iron can reduce the severity of nickel toxicity (5, 7, 16, 50) . Moreover, since bacterial siderophores can provide iron to various plants (4, 40, 47) , siderophores produced by K. ascorbata SUD165 may reduce nickel toxicity by supplying the plant with iron and hence eliminating iron deficiency. However, it is likely that there is a sufficient amount of iron in seeds for the development of 4-to 10-day-old seedlings, so that mechanisms that involve providing iron to the plant do not need to be invoked here.
Regardless of the precise mechanism used by the bacterium to protect plants, the experiments with plant seedlings reported here suggest that certain bacteria may eventually find a use in the development of phytoremediation strategies. In this regard, heavy metals may be removed from polluted soil either by increasing the metal-accumulating ability of plants or by increasing the amount of plant biomass. In heavily contaminated soil where the metal content exceeds the limit of plant tolerance, it may be possible to treat plants with plant growthpromoting bacteria, increasing plant biomass and thereby stabilizing, revegetating, and remediating metal-polluted soils.
